Objectives To establish a pre-therapy prognostic index model (PIM) of the first-line chemotherapy aiming to achieve accurate prediction of time to progression (TTP) and overall survival among the patients diagnosed with locally advanced (stage III) or distant metastasis (stage IV) lung squamous cell carcinoma (LSCC). Methods Ninety-six LSCC patients treated with first-line chemotherapy were retrospectively enrolled to build the model. Fourteen epidermal growth factor receptor (EGFR)-mutant LSCC patients treated with first-line EGFR-tyrosine kinase inhibitor (TKI) therapy were enrolled for validation dataset. From CT images, 56,000 phenotype features were initially computed. PIM was constructed by integrating a CT phenotype signature selected by the least absolute shrinkage and selection operator and the significant blood-based biomarkers selected by multivariate Cox regression. PIM was then compared with other four prognostic models constructed by the CT phenotype signature, clinical factors, post-therapy tumor response, and Glasgow Prognostic Score. Results The signature includes eight optimal features extracted from co-occurrence, run length, and Gabor features. By using PIM, chemotherapy efficacy of patients categorized in the low-risk, intermediate-risk, and high-risk progression subgroups (median TTP = 7.2 months, 3.4 months, and 1.8 months, respectively) was significantly different (p < 0.0001, log-rank test). Chemotherapy efficacy of the low-risk progression subgroup was comparable with EGFR-TKI therapy (p = 0.835, log-rank test). Prognostic prediction of chemotherapy efficacy by PIM was significantly higher than other models (p < 0.05, z test). Conclusion The study demonstrated that the PIM yielded significantly higher performance to identify individual stage III-IV LSCC patients who can potentially benefit most from first-line chemotherapy, and predict the risk of failure from chemotherapy for individual patients.
Introduction
The number of newly increased lung cancer cases per year is about 1.8 million worldwide [1] . According to official statistics released by the World Health Organization, among those, approximately 20~30% are lung squamous cell carcinoma (LSCC) [2] . Although the proportion of LSCC is lower than lung adenocarcinoma, due to the lack of drugs targeting oncogenic drivers, and the contraindication of approved drugs (bevacizumab and pemetrexed), median overall survival (OS) of the locally advanced (stage III) and distant metastasis (stage IV) LSCC patients is less than 1 year [3, 4] . The unsatisfactory prognosis has now becoming a major challenge in clinical treatment of stage III-IV LSCC patients. Chemotherapy is still the preferred treatment of stage III-IV LSCC patients at present according to the clinical practice guideline of American National Comprehensive Cancer Network (NCCN) [5] .
Gemcitabine-cisplatin (or carboplatin), paclitaxel-cisplatin (or carboplatin), and docetaxel-cisplatin (or carboplatin) are the proven effective chemotherapy regimens to LSCC patients in current clinical practice [3, 5, 6] . It is noteworthy that although there are various chemotherapy regimens, some patients are still unable to benefit from chemotherapy, and tumor progression could be soon detected by imaging-based examination [7, 8] . On the other hand, although stage III-IV LSCC patients were pathologically consistent, distinct tumor heterogeneity of these patients with the same pathological subtype potentially herald disparate long-term clinical outcome [9, 10] . However, how to assess and quantify the pretherapy tumor heterogeneity in these patients in a less traumatic or non-invasive way, so as to predict the risk of disease progression, and evaluate the tumor response to chemotherapy in the individual patient and estimate the long-term survival difference in different tumor heterogeneity groups, is still unexplored.
Recently, as a new emerging technology in medical imaging informatics, quantitative analysis method proposes to extract high-throughput imaging features from the medical images of tumors and subsequently construct a predictive model for the clinical purpose of auxiliary diagnosis or prognosis prediction [11] [12] [13] . With advanced image feature analysis, heterogeneity of tumor on medical images is converted into mineable high-dimensional data [14, 15] . Studies have shown that intra-tumor heterogeneity had higher impact on individualized treatment outcome. The patients with homologous tumor manifestations trend to express similar clinical outcomes [9, 16, 17] , while the patients diagnosed with distinct tumor heterogeneity, potentially driven by different biological processes, ultimately result in varied clinical outcome [18, 19] . The quantitative high-dimensional features provide rich information on the tumor phenotype and can potentially be used to evaluate the prognosis of chemotherapy in LSCC patients. Previous studies of CT data have achieved promising performance in predicting the clinical outcome of LSCC patients [11, 20] , indicating the potential of applying quantitative heterogeneity analysis to the efficacy evaluation and prognosis of chemotherapy in stage III-IV LSCC patients.
Previous studies have confirmed that the blood-based biomarkers were the key factors for cancer prognosis [21] [22] [23] [24] [25] . In this study, we hypothesized that the integration of blood-based biomarkers and pre-therapy CT image-based heterogeneity might provide more potential valuable prognostic information to stage III-IV LSCC patients treated with first-line chemotherapy. In order to validate this hypothesis, we analyzed the potential relationship between high-throughput pre-therapy CT phenotype features and time to progression (TTP) in stage III-IV LSCC patients. Specifically, we integrated the CT phenotype features and blood-based biomarker into a prognostic index model (PIM) to predict the risk of progression for individual stage III-IV LSCC patient. The effectiveness of PIM was validated by a cohort of stage III-IV epidermal growth factor receptor (EGFR)-mutant LSCC patients who only received first-line EGFR-tyrosine kinase inhibitor (TKI) therapy. To show the potential advantages of PIM, its performance was compared with other four prognostic prediction models, and the feasibility of applying the PIM to OS prognosis in stage III-IV LSCC patients was also explored.
Materials and methods

Patients
Eligibility criteria for this study were the following: diagnosed with stage III-IV LSCC from January 2013 to December 2017, age older than 20 years, received first-line chemotherapy or first-line EGFR-TKI therapy according to the criteria established by the clinical guidelines, with pre-therapy blood test and biochemical results, pre-therapy contrast-enhanced CT images were acquired in 2 weeks before chemotherapy, tumor response was evaluated by chest CT examination according to the RECIST1.1 standard at the end of every 2 cycles of admission of chemotherapy, with ECOG performance status (PS) score of 0 to 2, with normal organ function, and with no surgery resection history. Finally, 96 stage III-IV LSCC patients received first-line chemotherapy, and 14 stage III-IV LSCC patients with confirmed EGFR-positive mutation who received first-line EGFR-TKI were eligible in this study. Detailed information of patients and treatment regimen is presented in Tables 1 and 2. Patients underwent contrast-enhanced chest CT using a Siemens SOMATOM Definition Flash 64-row dual-source CT machine. Patient took a supine position and raised his arms, and lung was scanned at the end of inhalation. Parameters were as follows: tube voltage of 100 kV or 140 kV, tube current of Care Dose 4D, scanning layer thickness of 2 mm, reconstructed layer thickness of 2 mm, reconstructed layer spacing of 2 mm, matrix of 512 × 512, and FOV of 350 mm × 350 mm. The enhanced scan was performed by a double-barrel high-pressure syringe to inject 70 ml to 90 ml of the non-ionic contrast agent iopromide intravenously into the cubital vein. The injection speed is 2.5 ml/s to 3.0 ml/s, and arterial phase images are obtained after 30 s to 40 s of injection.
TTP was the primary endpoint, and OS was the secondary endpoint in this study. Patients with chemotherapy were reviewed every 3 weeks, and the follow-up interval was 2-6 weeks in patients with EGFR-TKI therapy. TTP was considered the time from the initiation of therapy to the date of confirmed disease progression or death. OS was considered the time from the initiation of therapy to the date of death. Median follow-up of chemotherapy was 11.1 months in this study. Patients were censored if they were alive at the last follow-up or were lost to follow-up. This study was approved by the institutional review board and ethics committee of the First Affiliated Hospital of China Medical University and carried out in accordance with the Declaration of Helsinki.
Image-based prognostic signature building CT scans, clinical demographics, and blood-based information for all patients were collected together for unified record and standardized storage in this study. The region of interest (ROI) of primary tumor of the chemotherapy patients on CT images was manually segmented by two radiologists with more than 10 years of experience in thoracic radiology. All radiologists have received thoracic training, and any disagreements were resolved in a consensus meeting with other radiologists and oncologists. For each patient, 356 threedimensional phenotypic features and 236 two-dimensional phenotypic features were automatically extracted on the tumor ROI by C++ program. Based on the feature matrix consisted of a total of 56,000 CT phenotype features which were extracted from the 96 chemotherapy patients, the features were evaluated by the following two steps: first, the prognostic value of all the features for TTP was evaluated by univariate Cox analysis. Then, the features identified as significant (p < 0.05) in univariate Cox analysis were subsequently fed into the least absolute shrinkage and selection operator (LASSO) Cox regression to build an image-based prognostic signature. Patients with different signature scores would be classified into different groups according to the optimal cut-off value by X-tile, which was a widely recognized tool for calculating optimal cut-off values (Yale University School of Medicine) [26] . For details, please see supplementary part 1.
PIM construction and validation
PIM was constructed by the significant clinical prognosticators and the image-based phenotypic signature, as described by the following steps: first, in order to select the significant prognostic clinical variables, 24 clinical variables were evaluated by univariate Cox regression analysis, including seven demographics features (namely the sex, age, ECOG, number of smoke, smoke status, history of disease, family history), three clinical features (T, N, M stage), and 14 blood-based variables, as described in Table 3 and supplementary  Table S1 . Cut-off values of the variables of demographic, clinical, and blood indicators were determined according to previous studies [27] or current clinical practice in order to transform them into normal status or risk status for univariate Cox regression analysis and PIM construction. Next, the significant variables in univariate Cox regression analysis and the image-based prognostic signature in the previous section were fed into multivariable Cox regression analysis. The independent significant variables in multivariable Cox regression were then identified and used as PIM indices for model construction. For each patient, if all the PIM indices were at normal status, his/her PIM score was assigned a value of 0; if only one PIM index was at risk status, the patient's PIM score was assigned a value of 1; if two PIM indices were at risk status, the patient's PIM score was assigned a value of 2, and so on. Finally, the PIM we built in this study stratified all the chemotherapy patients into three progression risk subgroups: low-risk (PIM score = 0), intermediate-risk (PIM score = 1), and high-risk (PIM score ≥ 2).
After the PIM was trained and built using the data acquired from 96 patients, data acquired from other 14 EGFR-mutant stage III-IV LSCC patients who received first-line EGFR-TKI therapy were included to further validate the accuracy of chemotherapy efficacy prediction by the PIM.
Accuracy comparison of the TTP prediction
In this section, the significant clinical and blood-based variables in univariate Cox regression model were used to perform multivariable Cox regression analysis and build a clinical model to compare with the proposed PIM model. In accordance with the same stratification standard, the chemotherapy patients were stratified into three risk subgroups by the clinical model (risk factor = 0, or 1, or ≥ 2). Besides, patients with both records of Creactive protein (cut-off value 10 mg/L) and albumin (cutoff value 35 g/L) were used to build the Glasgow Prognostic Score (GPS) [28] . Another model based on the proposed pre-therapy signature was built to divide the chemotherapy patients into three risk subgroups by X-tile. In addition, a model based on the tumor response measured after chemotherapy (complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD)) was built for chemotherapy efficacy prediction. All the four methods mentioned above were employed for progression risk prediction, and the accuracy was compared with the PIM in this study.
OS prognostication by the PIM
To further explore the survival prognostic utility of the PIM, we applied it to OS prognostication. The model-built details in this experiment were consistent with those described in the previous two sections.
Additionally, an ad hoc analysis was performed to test the prognostic efficacy of clinical and blood-based variables for the endpoint of OS by Cox regression analysis. Harrell's concordance index (C-index) [29] was used for quantifying the prognosis accuracy of the models.
Nomogram of the models was also established to evaluate their prognosis performance [30] . Decision curve analysis was performed for comparing the net benefits at different threshold probabilities given by the models [31] . The net reclassification improvement (NRI) and the integrated discrimination improvement (IDI) were also quantified for evaluating the prognostic benefit improvement of the PIM.
Results
The flow chart of this study is shown in Fig. 1 . Among the 110 stage III-IV LSCC patients enrolled in this retrospective study, seven patients with unqualified segmentation results and four patients with segmentation data unable to recognize were required to re-segment after the blind review, until qualified. Figure 2 describes the manual segmentation by using ITK-SNAP [32] .
The median TTP and OS of the chemotherapy patients were 3.60 and 11.50 months, respectively. The median TTP of the EGFR-TKI patients was 5.20 months. A significant difference of demographics variables was not found in the subgroups classified by the signature and the PIM (p > 0.05). All the chemotherapy patients had a detailed follow-up of OS (in 19 censored cases, three patients were lost during the OS follow-up and 16 patients were still alive at the last follow-up in this study), and 67 patients had a confirmed document of disease progression after chemotherapy (no censored data). Patients in our study were classified into CR (n = 0), PR (n = 27), SD (n = 56), and PD (n = 13) according to the RECIST1.1.
Eight phenotypic features, which include co-occurrence, run length, and Gabor features, and their corresponding weights are displayed in Eq. 1 (for a detailed description, please see supplementary). Cut-off value of the signature was − 1.117. In patients with a score lower than the cut-off value, his/her TTP benefit tended to be better (median TTP = 6.7 months), and these patients had higher scores indicating faster progression (median TTP = 3.2 months) in this study (HR = 2.45, 95% CI = 1.44-4.23, p < 0.0001), as presented in Fig. 3a Univariate Cox regression analysis based on the chemotherapy patients indicated that the variables age, sex, ECOG, smoking, etc., were not prognostic significantly, except for aspartate aminotransferase (AST), alanine aminotransferase (ALT), and carcinoembryonic antigen (CEA) (p < 0.05), as presented in Table 3 .
According to multivariable Cox regression analysis, the PIM was constructed by the following factors: the intratumor heterogeneity prognostic signature and AST, as shown in Table 4 . According to the PIM, patients in the low-risk progression subgroup could be benefited most from first-line chemotherapy (median TTP = 7.2 months). However, when patients were classified into the intermediate-risk progression subgroup (median TTP = 3.4 months), the median TTP was reduced by nearly 120 days (p < 0.0001, HR = 2.57, 95% CI = 1.53-4.32). Furthermore, in patients classified into the high-risk progression subgroup (median TTP = 1.8 months), the median TTP was reduced by nearly 50 days compared with the intermediate-risk progression subgroup patients (p < 0.0001, compared with the other two subgroups), as shown in Fig. 3b .
In the ad hoc analysis, AST and white blood cell (WBC) were the significant prognostic factors for the endpoint of OS by univariate Cox regression analysis, as presented in supplementary Table S2 . Besides, the result of multivariate Cox regression analysis indicated that AST (HR = 1.79, 95% CI = 1.06-3.03, p = 0.02) was the only significant prognostic factor for OS in this experiment.
Significant TTP difference was not found between the stage III-IV EGFR-mutant LSCC patients treated with firstline EGFR-TKI therapy and the stage III-IV LSCC patients in the low-risk progression chemotherapy subgroup (p = 0.835, HR = 1.01, 95% CI = 0.60-1.72). But, the difference was significant when compared with that in the intermediate-risk or high-risk progression subgroups (p = 0.0025 and p = 0.0002, respectively), as described in Fig. 3c .
According to the model based on the post-treatment tumor response, results indicated that a significant difference of TTP was found between the PD and disease control (PR and SD) patients (p < 0.0001, in both comparisons) but not found between the SD and PD patients (p = 0.40, HR = 1.25, 95% CI = 0.73-2.14), as presented in Fig. 3d . AST and CEA were indicated as the independent prognostic factors to construct the clinical factor-based model (p < 0.05). The difference of TTP in the three subgroups stratified by the clinical model was significant (see supplementary Fig. S1 ). However, the accuracy comparison of TTP prediction of the first-line chemotherapy indicated that the PIM outperformed that of all the other models (p < 0.05), as presented in Table 5 . Decision curve analysis indicated that the prognostic performance of the PIM was significantly stronger than others (Fig. 4) . According to the clinical impact curve of the PIM (Fig. 4c) , when the probability of patient progression was greater than 10%, the prediction results of PIM were getting closer to actual situation.
OS prognostication by the PIM was performed on the 96 stage III-IV LSCC patients with first-line chemotherapy. Based on the same construction standard, OS of the low-risk progression subgroup stratified by PIM (median OS = 16.3 months) showed a substantial clear survival benefit compared with other patients (median OS = 9.6 months, HR = 0.58, 95% CI = 0.37-0.91, p = 0.02). The difference of OS 
Discussion
In this study, we proposed a pre-therapy non-invasive model for efficacy evaluation and long-term prognosis prediction of first-line chemotherapy in stage III-IV LSCC patients by the integration of blood test biomarkers and quantitative intratumor heterogeneity. Those individual stage III-IV LSCC patients who potentially benefited most from first-line chemotherapy, and the risk of failure from this therapy for individual stage III-IV LSCC patients were quantitatively evaluated.
Quantitative decoding of tumor heterogeneity on pretherapy images could excavate potential tumor progression and prognostic information to aid clinical decision making [33, 34] . In this study, the progression risk of first-line chemotherapy in stage III-IV LSCC patients was accurately predicted according to the intra-tumor heterogeneity signature. This finding indicated that the critical chemotherapy-resistant information potentially hid in the high-dimensional tumor phenotype. An in-depth study of the phenotypic descriptors which express complex tumor heterogeneity might be more helpful to understand the mechanism of tumor progression [13] .
To the best of our knowledge, this is the first study to integrate the pre-therapy tumor heterogeneity and bloodbased biomarkers into an available tool for both TTP and OS prognosis for first-line chemotherapy in stage III-IV LSCC patients. According to the proposed PIM, our study identified the kind of stage III-IV LSCC patients who most likely to benefit from chemotherapy: outcomes of the low-risk progression subgroup patients (with low signature score and normal AST status) were significantly better than those of the other patients. The risk of progression in the low-risk Fig. 2 The diagram of manual segmentation by using ITK-SNAP. The subgraph in the upper left corner indicates that the manually segmented region of interest (ROI) by the radiologist from cross section. The subgraphs in the upper right and lower right corners represent the manual segmentation result of the tumor which is displayed from the sagittal and coronal planes, respectively. The tumor is then reconstructed in a view of three dimensions, which is represented in the subgraph in the lower left corner. Each of the subgraphs could be scaled to ensure accurate segmentation progression subgroup patients was only 0.39 and 0.14 compared to that of the other two subgroup patients, and indeed 112% and 299% more TTP benefit than that of the two subgroup patients, respectively. Furthermore, OS of the low-risk progression subgroup patients was also significantly better than that of the other patients (p = 0.02). All of these findings consistently suggested that for stage III-IV LSCC patients, first-line chemotherapy was strongly recommended to those with a low risk of progression according to the PIM. In addition, by the comparison of the stage III-IV EGFR-mutant LSCC patients treated with first-line EGFR-TKI therapy, TTP of the low-risk progression subgroup was almost identical to that of the EGFR-TKI patients (p = 0.835). This finding was confirmed with previous studies that chemotherapy could achieve similar clinical efficacy as EGFR-TKI therapy for non-small cell lung cancer (NSCLC) patients [35] [36] [37] . As the observed incidence of EGFR mutations was only 2.7% in patients with LSCC, EGFR mutations were not applicable to routine testing of all LSCC tumor specimens [5] . Thus, early identification of the low-risk progression patient would be significantly vital for directing personalized therapeutic regimen administration, as well as achieving an optimized economic cost-to-benefit ratio for these patients.
According to our experiments, the clinical variables of sex, age, smoking status, and ECOG performance status were not significant prognosticators. Although these factors were widely concerned in the studies of NSCLC, we found that in previous reports, their prognostic performance was inconsistent in different NSCLC populations [35, [38] [39] [40] [41] [42] . Our finding was also suggested that current evidence was still inadequate to determine that particular types of NSCLC patient defined by age, sex, performance status, histology, or clinical stage could be benefited from chemotherapy [43] . On the other hand, studies to explore whether those factors could be used as independent prognostic factors of chemotherapy in advancedstage LSCC patients are still rare. In addition, there are no [44] . More evidence is still needed to determine the prognostic value of the traditional clinical variables for stage III-IV LSCC patients. GPS may not be suitable for the prognosis of chemotherapy in stage III-IV LSCC patients according to our results. The comparison of the PIM with the four prognostic methods demonstrated that the integration of pre-therapy intra-tumor heterogeneity signature and blood-based biomarkers could be more valuable in clinical practice. As a cancer-specific prognostic indicator, the prognostic value of AST has long been concerned [21] [22] [23] . As in clinical practice, unusual level of the AST often indicates abnormal liver function, and it was also the significant indicator of poor prognosis of first-line chemotherapy in stage III-IV LSCC patients according to this study. Actually, previous studies have demonstrated that the prognosis of advanced lung cancer patients with liver metastasis was the worst [45, 46] . Thus, we suspected that the abnormality in AST in patients with stage III-IV LSCC potentially indicated liver metastasis. The clinical factor-based prognostic model built in this study indicated that CEA was significantly related to prognosis of stage III-IV LSCC patients, but it was excluded in the PIM. We considered that the prognostic performance of CEA still should be further validated as also reported in studies [24, 25] .
According to the PIM, the OS probability of the chemotherapy patients in the high-risk progression subgroup was poor than other patients (median OS = 8.7 months versus 11.7 months). As the high-risk progression subgroup patients benefited least from first-line chemotherapy (the worst TTP and OS), indicating that patients in this subgroup may not be suitable for first-line chemotherapy, and other alternative therapies should be considered.
Our study was limited by retrospective and lacks of prospective validation. The indistinguishable OS between the intermediate-risk and the high-risk progression subgroups may be due to the existence of censored data (see Fig. 5 ), and The IDI and NRI between PIM and GPS were blank as the patient population is different PIM prognostic index model, GPS Glasgow Prognostic Score, NRI net reclassification improvement, IDI integrated discrimination improvement Fig. 4 The comparison of the models. a The plots depict the calibration of the model in terms of the agreement between predicted and observed TTP (time.inc = 6 months). Performances of the models are shown on the plots relative to the 45°line, which represents perfect prediction. b Decision curve analysis of the PIM (red line), clinical factor-based model (green line), post-treatment tumor response-based model (cyan line), and the intra-tumor heterogeneity signature-based model (blue line). The orange line represents the assumption that all patients were treated. The black line represents the assumption that no patient was treated. The x-axis represents the risk of progression (Pt). The y-axis measures the net benefit. The net benefit was calculated by subtracting the proportion of all patients who are false positive from the proportion who are true positive, weighting by (Pt /(1 − Pt) ). The decision curve showed that if the threshold probability of a patient or doctor is > 26%, using the PIM to predict progression risk adds more benefit than the treat-all-patients scheme or the treat-none scheme, or other prognostic models. c The clinical impact curve of the PIM; the red line (number of high risk) represents the patients with a high risk of progression predicted by the PIM at each threshold (with 95% CI), and the green line (number of high risk with outcome) represents the patients with actual progression at each threshold (with 95% CI) validation on larger dataset would be more convincing. Besides, EGFR-TKI therapy was the only comparative treatment in this study, and other treatments were not considered. Since the low incidence of the stage IIII-IV LSCC patients (only 20~30% in NSCLC) and the natural characteristics of EGFR mutation in this kind of population (only 2.7% in LSCC), the small number of patients in the validation dataset is another limitation. Multicenter validation trials in the future will narrow the bias caused by the patient population. The prognostic signature and the PIM will be further validated in future studies and analyzed the regularity of prognosis revealed by tumor heterogeneity, transforming the current studies of Bexploration of relationshipî n imaging heterogeneity to the studies of Brecognition of regularity^for aiding clinical practice.
In conclusion, the proposed prognostic strategy can achieve accurate efficacy evaluation and prognosis prediction of first-line chemotherapy in individual stage III-IV LSCC patients, which holds promise to pre-therapy personalized therapeutic assistance for these patients.
